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- @ study the distribution of sea quarks and gluons in momentum and position space
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- @ study the distribution of sea quarks and gluons in momentum and position space

@ .. and their polarizations and orbital angular momenta
= ~%...  inclusive and semi-inclusive DIS all need \/gep < 50 GeV
to access x < 1073 where
longitudinal motion of spinning quarks and gluons \sea quarks and gluons dominate
. .. N —1
azimuthal asymmetries in DIS L ~10tb

adds their transverse momentum dependence

L£=10+100fb !

- 8 e multi-dimensional binning
exclusive processes e toreachkr>1GeV

=+¢f \7 ¢ e to reach |t| > 1 GeV?

; - adds their transverse position
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goals of the eRHIC ep science program

complete survey of nucleon’s spin and spatial structure

@ study the distribution of sea quarks and gluons in momentum and position space

@ .. and their polarizations and orbital angular momenta

prerequisites

inclusive and semi-inclusive DIS all need \/gep 50 GeV
to access x < 1073 where
longitudinal motion of spinning quarks and gluons \sea quarks and gluons dominate
: .. - —1
azimuthal asymmetries in DIS L ~10tb

adds their transverse momentum dependence

L£=10-=100fb !

" 8 e multi-dimensional binning
exclusive processes ® toreach kr>1GeV

z+éf \7 ¢ e to reach |t| > 1 GeV?

T Emwwe—, adds their transverse position

A‘rhis talks can only present some highlights of the eRHIC program
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goals of the eRHIC ep science program

‘complete survey of nucleon’s spin and spatial structure

“‘m_ o =

°
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@ study the distribution of sea quarks and glt-'\ ,{'\e \‘66( and position space
- , e \
@ .. and their polarizations and orbit~’ ‘\0\0 (\Co X
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e
inclusive and < e(\('e e‘g\‘ \oefﬂo( allneed V'S, > 50 GeV
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e {2
longitudi~ (\‘\(e g‘(\ ((\ 6‘*’\) gluons \sea quarks and gluons dominate
© \)(e e

azimuthe ’(\) (\e\,e“is in DIS L~10fb~"
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e multi-dimensional binning
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e toreach [t| > 1 GeV?

adds their tran. = momentum dependence

exclusive processes
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A‘rhis talks can only present some highlights of the eRHIC program
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precision studies of the proton's helicity structure
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significant experimental and theoretical progress Af(x) _ (X) _f£ (X)
in past 25+ years, yet many unknowns - o
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open questions recall: o= = <o/

significant experimental and theoretical progress Af(x) — £ (X) _ £ (X)
in past 25+ years, yet many unknowns - o

( DSSVg|Oba|ﬁt .- T ," T T T T g..--l ? ‘. T ----: .
@ Ag(X, Qz) de Florian, Sassot, | . XA — DSSV | ] 93
MS, Vogelsang [’ € —bns ;= DsSsV A.X:=1 L]
- === GRSV | = DSSVAy=2%{
* found to be small at 0.05 < X < 0.2 [RHIC, COMPASS, HERMES] [ : S | 02
[ can hide one et i
* RHIC can slightly extend x range & reduce uncertainties ~ funitofphere = = 1
[500 GeV running & particle correlations] Z, - : ' '
X 0
yet, small x behavior completely unconstrained _
(determines x-integral which enters proton spin sum) ) : RHICé 3 01
[ GRSV maxg & ]
[~ GRSV ming | PP p’p 1.,>
-2 -1
10 10 X 1
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Open queS'l'ions recall: e~ - - @

‘ significant experimental and theoretical progress Af(X) —f (X) _ £ (X)
in past 25+ years, yet many unknowns T o

DSSVglobalﬁt .- .41,. T T T ™ E-'"l : ‘. T ....: X
@ Ag(X, QZ) de Florian, Sassot, | .- A — DSSV B 1 O
. MS, Vogelsang [~ XAZ _ pns . = Dssv A_x:=l N
i --- GRSV . DSSV Ay =2% 1
* found to be small at 0.05 < X < 0.2 [RHIC, COMPASS, HERMES] [ . I 1 02
[ can hide one N S
* RHIC can slightly extend x range & reduce uncertainties ~ funitofphere. = =}
[500 GeV running & particle correlations] Z,_.,.;V:—:-’/; : | 48 1
/ X 0
yet, small x behavior completely unconstrained DIS _
(determines x-integral which enters proton spin sum) [ : RHICE =70
[ GRSV maxg & ]
——rrr—r—rrrrr——rrrn L~ GRSV ming PIP PP 1o
F Dssv 1 SEOVHFEPI SRS S LS
oot f[=Dssv+l  zAs] @ Aq's(x,Q7) . o

- DSSV 2% _
002 : 2 ) * known: quarks contribute much less to proton spin

than expected from quark models

()

yet, large uncertainties in AZ from unmeasured small x

0.02

* surprisingly small/positive As from SIDIS

ad

* some indications for non-trivial flavor structure of quark sea

.y
[ -- GRSV VAL 3

D

does it fit with negative integral expected from SU(3) arguments

L2 |
10 10 X |
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key asset of eRHIC: kinematic coverage

eRHIC might be realized in stages: 5 x 100 — 5 x 250 GeV [stage-1] to 20 X 250 GeV [full]

LI I T T rmrrrri I 1 T rmrrrri I T T LI LI I T 1 T Il ll II LI I
; RHIC pp data
10°F  current polarized DIS data: . constraining Ag(x)
‘S C vl
> [ OCERN ADESY ¢JLab OSLAC /| INapprox. 0.05 < x <0.2
L i | data plotted at x;=2p,//S
g i current polarized BNL-RHIC pp data: NN
> [ @ PHENIX 7" 4 STAR 1-jet d |
< 102k / a
5 A 5
C O ]
[ N ]
L 4 // , 4
/ L3
- S T
0 N /// 8
C \p // ?Q"‘ ' 1
N NN ~ 0\ 48
ML LS s
C 1 L S el 1 L1l 1 L1131
4 -3 -2 -1
10 10 10 10 1

lowest x so far 4.6 x10°73
COMPASS
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key asset of eRHIC: kinematic coverage

eRHIC might be realized in stages: 5 x 100 - 5 x 250 GeV [stage-1] to 20 X 250 GeV [full]

10 current polarized DIS data:

O CERN ADESY ¢JLab OSLAC

current polarized BNL-RHIC pp data:
® PHENIX 1° 4 STAR 1-jet /

Q [GeV’]

10 2

o
. 0/
N\

10

T T T 1111
A\
Z
AN

BNL EIC Science Task Force

<
1

eRHIC extends x coverage

by up to 2 decades
(at Q%=1 GeV?)
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key asset of eRHIC: kinematic coverage

eRHIC might be realized in stages: 5 x 100 — 5 x 250 GeV [stage-1] to 20 X 250 GeV [full]

LI I T T rmrrrri I 1 T rmrrrri I T T LI LI I T T LENLELELELEL
10k : .
C current polarized DIS data:
N> _ O CERN ADESY ¢JLab OSLAC
D [
g i current polarized BNL-RHIC pp data:
o [ e PHENIX 7’ 4 STAR l-jet |
10° —
10 F EE
Z - é
) 2
Q min 1 S E
4 3 2 1
10 10 10 10 1

can also play with Q2 . cutin fits

to map out where pQCD framework applies
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key asset of eRHIC: kinematic coverage

eRHIC might be realized in stages: 5 x 100 — 5 x 250 GeV [stage-1] to 20 x 250 GeV [full]

LI I T T rm1rrrri I T T rmrrrri I T T LI L I I
= - /
- current polarized DIS daty~ N
G F O CERN ADESY o TLab novel electroweak probes
% [ ’ a (not accessible at low energies)
L_DJ i current polarized BNL-R
D [ e PHENIX 7’ 4 STAR l-je
O 2
10 "
5 A
[ N
7 /]
- S/
N7
| Q i
/1
S a
OF X/ EE
= / - ;U‘z
[ > 1=
- Q}C/ -1 .%
i 12
. Jo
( 88)
A .
1 AN ‘ - %
[ 1 L1 1 11 I 1 [ 1 L L L 11l I 1 L L Ll 1 11 I L 1 1 L1 1.1 II 1 [ L Ll 1.1 I-
-4 3 2 -1
10 10 10 10 1

unprecedented opportunities in DIS, SIDIS, ... with polarized beams
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example: projected eRHIC DIS data for g,°

Aschenauer, Sassot, MS o _ _
50 1 1 1 | *3sets of realistic energy settings studied:

i gI(X,Qz) + const(x) |

x=5.2x107 (+52)

. fory. . =o0.95and

- . Q2=1GeV?2 Q2= 2GeV2

40 8.210° (443) —— DSSV+ - ) 3
L 3 . mICsxioo  1[5X100  44.7 5.3X10 1.1X 10
[ 1.3x10°* (+36) 4 EBIC5250  1lpx250  70.7 2.1X 1074 4.2 X104
 o—™©° Q EIC 20x250
I 2 1510 (+31) 1120 X250 141.4 5.3 X107 1.1X10™%

30 er_e,,—o - —
- 3.3x107* (+27) -

ox—o—9°°

[ 52510 (+24) — 1 * 4 [5] bins/decade in Q2 [x] (spaced logarithmically)
L 'r.—er——e"_e—___o 2X107 (+ |
i ‘___e*__e‘__e__e 8.2x10°* (+21) _ -
20 150 « bands reflect current uncertainties on g P
— a——Cra—& —
L L e ox—ot o0 21XI07 (17 | DSSV+estimate
| ek ——Ok—Oh—6—0 zz><10j (+15.5) .

_————A_*—G‘——Q-A——ef—e——e 1.3x107 (+12)

(5]
[ 2.1x1072 (1) k4 GA—Ok—Oa—O——0 'j:é
10 3.3x107 (+10) 3 a— & A—Ch —OA —OA —O0—0O A=
5.2x102 +9) A A— A ——CAhA —OA —O0—0O &
| 8.2x107 (+8) b S A — A —CA—OA—0O ds
1.3x10° (+7) B S S A—CA—OA—OA 5
i 2.1x10™ | (+6) = A i i« A—OA 13
33x107" (+5)-1 A & A& A o
= 52x107 (+4) = & &« A - :—‘
l N ! ! &
3
1 10 >
Q" [GeVT]
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example: projected eRHIC DIS data for g,°

Aschenauer, Sassot, MS

i gI(X,Qz) + const(x) |

x=5.2x107 (+52)

L ? .

B 8.2x107 (+43) DSSV+ 7]
S | EIC 5100 ]
i 1.3x10* (+36) A EIC 5x250 il
[ o—™° o EIC 20x250 |
i . i
i @M ZII0TG3D o 5x250starts here |
» -4 i

3.3x10™% (+27)

ox—o—°°

i @@___@,_,_e,——@ 5.2x10* (+24)== 5 X 100 starts here|

i ,___e,.——er—e——° 8.2x10°* (+21)

- - e _ o 1.3x107° (+19) |
X 2.1x107 (+17)
B *——t——eﬁ oK o o—© 3
oA — 0 33%x10° (+15.5)

* 3 sets of realistic energy settings studied:

fory_ .. =o0.95and

Q2=1GeV?2 Q2= 2GeV2

5X100  44.7 5.3 X104 1.1X 1073
X250 70.7 2.1X10™*% 4.2 X104
20 X 250 141.4 5.3 X107 1.1X10™%

1 * 4 [5] bins/decade in Q2 [x] (spaced logarithmically)

| « bands reflect current uncertainties on g_P

DSSV+ estimate tor
ol 95(%,Q% + C(x)

— current data ; « compass

8 [~ %7 x=0.0063 (+7.5) . HERMES

start here .

v SMC

) 1 %XIO (+12) 8 i c—we—me=v=  x = 0.0141 (+6.2)
[ 2.1x107 (+H11) kA —A—Ga— Ok oa —© © 12 oF « EMC
3.3x107 (+10) ) i = -] = A Aengemmr=i=e = 0,0245 (+5.2)
2 A —C A —OA—O0—©O r
5.2x10” ) a = s x = 0.0346 (+4.5)
| 8. 2><10 (+8) = i h—Ch—CAh—OA—0O 4 8 x = 0.0490 (+4.0)
1.3x10 (+7) 1 * = - ; ar — x = 0.0775 (+3.5)
B 2. IXIO (+6) - 4 & = o ©A -1 VJU + kg x = 0.122 (+3.0)
3 .3)(107 (+5) = £ S S A O 3 g dp i X = 0.173 (+2.5)
- 52x10" (+4) - > & A - f taken from . S8 e mtitem X = 0.245 (+2.0)
20 AAC
1 I L L L L1 1L 1.1 I L L L L Ll 1.l I L L L 1 Ll 1.1 I % Blumlelnl ,,,,,,,, GRSV mﬂ’:m—:::._l X:-Ozjtsg;tl?)o)
1 10 2 3 Bottcher [ —— This Fit im—w X =0.735(+0.5)
L | I |
Q [GeV ] 0 1 10 100
Q? (GeV?)
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example: projected eRHIC DIS data for g,°

Aschenauer, Sassot, MS

x=5.2x107 (+52)

8.2x107 (+43) DSSV+

i Q/(% : EIC 5x100

i 1.3x10™ (+36) A EIC 5x250

-4
i 2.1x107 (+31) &—— 5 x 250 starts here
| 8 33x10™* (+27)

or—o——° 7

i ‘__e*__e‘__e,_e 8.2x10°* (+21)

- i . —o 1.3x10° (+19)

o o 2.1x107 (+17)
o 0 3.3x10° (+15.5)

| _x__‘——-‘———eif Ok

i gI(X,Qz) + const(x)

[ o—° Q EIC 20x250

_——.——A—A——G‘——oi——ef—e——e 1.3x107 (+12)

" 2.1x107 (+11) A4 —Ch—Ox—O&—O © 1
3.3x1072 (+10) 3 a— & A—Ch —OA —OA —O0—0O ]
5.2x107 (+9) e A A Ch O —0—0O

| 82><10 (+8) B S A —CAhA —GCA —OA—O ]

1.3x10° (+7) B & A—CA—OA—OA

B 2.1x10™ (+6) = A = & A—OA -

3.3x10" (+5) = A& S A A
5 52x107" (+4) = - & A .
| 1| ]
3
1 10 >
Q" [GeVT]

* 3 sets of realistic energy settings studied:

. fory. . =o0.95and

Q2=1GeV?2 Q2= 2GeV2

5X100  44.7 5.3 X104 1.1X 1073
X250 70.7 2.1X10™*% 4.2 X104
20 X 250 141.4 5.3 X107 1.1X10™%

1 * 4 [5] bins/decade in Q2 [x] (spaced logarithmically)

i @9‘_4,&——@ 5.2x10* (+24)== 5 X 100 starts here|

| « bands reflect current uncertainties on g_P

DSSV+ estimate

similar data sets generated
for SIDIS with identified
charged pions and kaons

BNL EIC Science Task Force
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powerful tool: scaling violations at small x

rough small-x approximation to Q2-evolution:

dg1 x —A (x QQ) n spread in Ag(x,Q2) translates into
dlog (QQ) AN spread of scaling violations for g, (x,Q?)
* need x-bins with a least two Q2 values to compute derivative (limits x reach somewhat)
5 need full energy eRHIC down here stage-1 physics starts here
: v IIIIIIII LI L : | IIIIIIII LI IIIIIE : | IIIIII'I LI : LI |||||I'| T T TTITTL : 1 IIIIIIII 1 IIIIII.:
15 F  x=13x10" dF  x=2.1x10" JE  x=33x10" JE  x=52x10" JE  x=82x10" 3
= = =] = = 3
g + pssv+ 1k g g 1
05 — ‘SX(IOO 250) __G\¢ qF o9 - A — _q
= . == = 1k F Oto—¢ = G*e+-e_¢ -
0 E ¢ incl. 20x2503 B 9 ~— - - g
= £ 1k = = 1 &0
- L IIIIIIII L L LiLLl - 1 IIIIIIII L L iiium cC L IIIIII|] L L LL1LLl - L1 IIIII|] L L 1oLl - L IIIIIIII L1l 111l ‘2
O 6 __ LI IIIIIII LIL IIIIE __ LILI IIIIIII 1 IIIIE ___ LI IIIIIII LI Illll_ﬂ __ LI |||||I'| LI Illll_ﬂ __ 1 IIIIIIII L LI IIIIE 'U
T E 1F x=2.1x10" JF x=3.3x10" JF x=5.2x10" JF x=8.2x10" 1
04 ¢ EL El3 El3 El3 E=t
02 [ *ord-d —::—e‘e%- % ‘::'M**%l%% 1k 1F 3
0 b E|3 E|3 JETOR Jp closeielp
- x=1.3x10" ulls uls 1t 1t 1 Sassot, MS
C vl Lol B ol Lo B ol L unmec g |||||||] Lt unne Lol L1 11T
2
1 10 1 10 1 10 1 10 1 10 10
Q* [GeV’] Q* [GeV’] Q* [GeV’] Q* [GeV’] Q* [GeV’]

* error bars for moderate 10fb™* per c.m.s. energy; bands parameterize current DSSV+ uncertainties
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impact of eRHIC data on helicity PDFs

DIS scaling violations mainly determine Ag at small x (SIDIS scaling violations add to this)

Sassot, MS
r | 1 l"f"rl 1 [} ‘II"III A | T T P rEs 03
" xAg 2= 10 GeV?
i 02
- 0.1
- -0
= s -0.1
[ B DSSV+ & EIC 5x100, 5%250
:. all uncertainties for Ayf:‘) _
[ A 1 lllllll L Lo A Al A A L 00 0.2
10~ 10~ 1
X
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impact of eRHIC data on helicity PDFs

DIS scaling violations mainly determine Ag at small x (SIDIS scaling violations add to this)

dramatic reduction of uncertainties:

“before”
“after”

Sassot, MS

tttrtttttrrlltll

ﬂ'trttltrrr

B

L 'UUUI]

xAg

L]

LA | IUIIII

2=10 GeV?

B DSSV+ & EIC 5x100, 5x250

all uncertainties for Ay =9

A

L llllll

A

AL L ALl

Ll

A

L A

03

0.2

0.1

L L L LLL

10

2

10

-1

X 1
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impact of eRHIC data on helicity PDFs

DIS scaling violations mainly determine Ag at small x (SIDIS scaling violations add to this)

in addition, SIDIS data provide detailed flavor separation of quark sea

- 1 ) FIUUIII L] L] Illil]l' 1 L R A 03
- XAg

X 0.2
! 0.1
— -0
. -0.1
: el L el LA L i1l -0'2

2 -1
10 10 X 1
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impact of eRHIC data on helicity PDFs

DIS scaling violations mainly determine Ag at small x (SIDIS scaling violations add to this)

in addition, SIDIS data provide detailed flavor separation of quark sea

i _lllll 1 T ||||||I 1 LI ||||1 i T 1 l_llllll 1 1 ||||||I 7]
0.04 [ XAU. AL XAd 4 0.04
002 [ 4F 4 002
0 [ . ] 1 o
002 F - 4002

[ DSSV 1t .

B DSSV+ & EIC 5x100, 5x250 4F ]
o4 [ T AR | B ~-0.04

- all uncertainties for Ay"=9 1F .

1 L lllllll L 1 lllllll L 1 |ll||:l [ 1 L |Illl|l L L l|||||| L L |l|||l-
| 1 |_|l||| T T ||||||I 1 LI ||||: " T 1 ||||||I 1 1 ||||||I 1 LILI ||||_ 0.3

0.04 — xXAs | XAg E
| z

0.02 - . i
- . - 01

O g S . ]
T 1 1 0

-0.02 - . [ ]
1F 4 -0.1

) 2 - .

004 Q> = 10 GeV : :
i 1 1 lllllll 1 1 lllllll 1 1 |ll||: —_ 1 L |Illl|l 1 L lllllll 1 1 |l||: _0‘2

-2 -1 -2 -1
10 10 X 1 10 10 X 1
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impact of eRHIC data on helicity PDFs

DIS scaling violations mainly determine Ag at small x (SIDIS scaling violations add to this)

in addition, SIDIS data provide detailed flavor separation of quark sea

i _Illll 1 T IIIIIII 1 T 1 M IIII llIII II-
0.04 [ xAu JE xAd -]
0.02 F - -
RN :
002 B a
[ DSSV 1t
004k B DSSV+ & EIC 5x100, 5x250 |
et all uncertainties for Ax2=9 h
1 L IIIIlII 1 L lllllll 1 L Illll:l i L 1 Illllll 1 1 lllllll L Ll lllll-
1 I_Illll 1 T IIIIIII : IIII III I_
0.04 ~ XAS ] XAg E
0.02 F .
0 I
002 F . ]
[ A2 2 J ]
004F ? =10 GeV : :
1 1 IIIIlII 1 1 lllllll 1 1 Illll: = 1 1 Illllll 1 L lllllll 1 L IlII:
2 -1 -2 -1
10 10 X 1 10 10 X 1

0.04

0.02

1-002

1-0.04

03

02

* includes only “stage-1 data”
[eventhen Q2 . can be 2-3 GeV?]

* can be pushed to x=10"% with
20 x 250 GeV data
[still one can play with Q2

min ]

“issues":

* (S)DIS @ eRHIC limited by

systematic uncertainties
need to control rel. lumi, polarimetry,
detector performance, ... very well

* QED radiative corrections
need to “unfold” true x,Q2
well known problem (HERA)
BNL-LDRD project to sharpen tools
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impact of eRHIC data in terms of X2 profiles

Xmax

 dramatic improvements for [truncated] first moments Af(x, Qz)dx

Xmin

best visualized by X2 profiles obtained with Lagrange multipliers

* example: Ag in x-range 0.001-1 without/with stage-1 eRHIC data

\ ™ 15

—— DSSV+

- — = EIC 5x100

5x%100
EIC 5x250

* not well constrained by current data

profile not parabolic

----best fit value

1 1 1 1 I 1 1 1 1 I 1 1 1 1
-

_|||||||||||§|||||||||_O

-0.2 -0.1 1 0 0.1 0.2
ng(X,QZ) dx

0.001
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impact of eRHIC data in terms of X2 profiles

Xmax

 dramatic improvements for [truncated] first moments Af(x, Qz)dx

Xmin

best visualized by X2 profiles obtained with Lagrange multipliers

* example: Ag in x-range 0.001-1 without/with stage-1 eRHIC data

\
—— DSSV+

- — = EIC 5x100

5x%100
EIC 5x250

----best fit value

AW/

1 1 1 1 I 1 1 1 1 I 1 1 1 1
-

T /I—

—
—

* not well constrained by current data

profile not parabolic

5
\‘ eRHIC [stage-1] DIS data
lead to significant improvement

profile parabolic; Hessian method also works

-0.2 -0.1 1 0 0.1
[Ag(x.Q%) dx

0.001

0.2
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impact of eRHIC data in terms of X2 profiles

Xmax

 dramatic improvements for [truncated] first moments Af(x, Qz)dx

Xmin

best visualized by X2 profiles obtained with Lagrange multipliers

* example: Ag in x-range 0.001-1 without/with stage-1 eRHIC data

LILIL L LI LIL L LI 1
_ IRV | | I/I : 15
I \ —— DSSV+ - )
. ‘\ - — - EIC5x100 | | - AX
- 5x100 ;T

— EIC

- \\ s250 [, < 10 o |
i \ / i * read off uncertainties for given Ay?
_ \ . // i Ax?=1 usually not leading to a faithful error
B —§ 7 5 take conservative Ax? = g asin DSSV analysis
, = 1 e appropriate tolerance Ax? can be
- 2 . further refined once data are available
: ———————————— E -5—74— ]
_I L1 11 I | I | l_ 1 I L1 1 1 I_ O

-0.2 -0.1 1 0 0.1 0.2
ng(X,QZ) dx

0.001
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impact of eRHIC data in terms of X2 profiles

Xmax

 dramatic improvements for [truncated] first moments Af(x, Qz)dx

Xmin

best visualized by X2 profiles obtained with Lagrange multipliers

* example: Ag in x-range 0.001-1 without/with stage-1 eRHIC data

—— DSSV+

- — = EIC 5x100

5x%100
EIC 5x250

----best fit value

-0.2 -0.1 1 0 0.1
[Ag(x.Q%) dx

0.001

0.2

15
sz
10
* read off uncertainties for given Ay?
Ax?=1 usually not leading to a faithful error
5 take conservative Ax? = g asin DSSV analysis
~ eappropriate tolerance Ax? can be
further refined once data are available
0
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impact of eRHIC data in terms of X2 profiles

 dramatic improvements for [truncated] first moments

T Af(x, Q%)dx

Xmin

best visualized by X2 profiles obtained with Lagrange multipliers

* example: Ag in x-range 0.001-1 without/with stage-1 eRHIC data

—— DSSV+

- — = EIC 5x100

5x%100
EIC 5x250

----best fit value

-0.2 -0.1 1 0 0.1
[Ag(x.Q%) dx

0.001

0.2

15
sz
10
* read off uncertainties for given Ay?
Ax?=1 usually not leading to a faithful error
5 take conservative Ax? = g asin DSSV analysis
~ eappropriate tolerance Ax? can be
further refined once data are available
0

similar improvements
can be found for
all quark flavors
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closing in on the spin sum rule

* combined correlated uncertainties for A> and Ag
Sassot, MS

[ Ag(x.Q?) dx
0001 o
|

o
n
I

Q% =10 GeV*

_ * DSSV+ |

5x100
Bl EiC 5%250 ]
EIC 20x250 |
all uncertainties for Ax2=9 -

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1

035 | 0.4 0.45
[Az(x,Q% dx
0.001

BNL EIC Science Task Force

* results obtained with two
Lagrange multipliers

* similar improvement
for 0.0001-1 moments

needs 20 x 250 GeV data

* can expect approx. 5-10%
uncertainties on AZ and Ag

but need to control systematics
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THRILLS thut almost TOuCH vou' ’
thmugh the mugu of 3 :

Amazing sights the
humen eye has m :
before seen!

e Ay~ gy Ll s e sy LA GBS T Y [ M

three-dimensional quantum phase space
tomography of the nucleon
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® PDFs do not resolve transverse momenta or positions in the nucleon

* fast moving nucleon turns into a “pizza’ but transverse size remains about 1 fm
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® PDFs do not resolve transverse momenta or positions in the nucleon

* fast moving nucleon turns into a “pizza’ but transverse size remains about 1 fm

(compelling questions R
* how are quarks and gluons spatially distributed
* how do they move in the transverse plane

\0 do they orbit and do we have access to spin-orbit correlations y
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® PDFs do not resolve transverse momenta or positions in the nucleon

* fast moving nucleon turns into a “pizza’ but transverse size remains about 1 fm

(compelling questions R
* how are quarks and gluons spatially distributed
* how do they move in the transverse plane

\0 do they orbit and do we have access to spin-orbit correlations y

required set of measurements & theoretical concepts

1-D f(X>

parton densities
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® PDFs do not resolve transverse momenta or positions in the nucleon

* fast moving nucleon turns into a “pizza’ but transverse size remains about 1 fm

~

g . .
compelling questions

* how are quarks and gluons spatially distributed

* how do they move in the transverse plane

* do they orbit and do we have access to spin-orbit correlations

& _/

required set of measurements & theoretical concepts

f(X, kT)

3-D transv. mom. dep. PDF
semi-inclusive DIS

N
£(x)

parton densities

1-D
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® PDFs do not resolve transverse momenta or positions in the nucleon

* fast moving nucleon turns into a “pizza’ but transverse size remains about 1 fm

~

g . .
compelling questions

* how are quarks and gluons spatially distributed

* how do they move in the transverse plane

* do they orbit and do we have access to spin-orbit correlations

& _/

required set of measurements & theoretical concepts

f(X, kT)

3-D transv. mom. dep. PDF
semi-inclusive DIS

N
£(x)

parton densities

1-D
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® PDFs do not resolve transverse momenta or positions in the nucleon

* fast moving nucleon turns into a “pizza’ but transverse size remains about 1 fm

~

g . .
compelling questions

* how are quarks and gluons spatially distributed

* how do they move in the transverse plane

* do they orbit and do we have access to spin-orbit correlations

& _/

required set of measurements & theoretical concepts

not related b
f(X’ kT) (Fouriertrans:) f(X’ bT)
transv. mom. dep. PDF . impact par. dep. PDF
3-D

semi-inclusive DIS

/d%& //d2bT
f(x)

parton densities

1-D
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® PDFs do not resolve transverse momenta or positions in the nucleon

* fast moving nucleon turns into a “pizza’ but transverse size remains about 1 fm

~

g . .
compelling questions

* how are quarks and gluons spatially distributed

* how do they move in the transverse plane

* do they orbit and do we have access to spin-orbit correlations

& _/

required set of measurements & theoretical concepts

Tty il S NV e e

Fourier transf.

transv. mom. dep. PDF impact par. dep. PDF
3-D S
semi-inclusive DIS
/ dx
/ d*ky / d?by
f(x) F(t)
1-D .
parton densities form factor
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® PDFs do not resolve transverse momenta or positions in the nucleon

* fast moving nucleon turns into a “pizza’ but transverse size remains about 1 fm

~

g . .
compelling questions

* how are quarks and gluons spatially distributed

* how do they move in the transverse plane

* do they orbit and do we have access to spin-orbit correlations

& _/

required set of measurements & theoretical concepts

not relate b < —
f(x, k) <irltedby e b €% H(x,0,t) < H(x, £ t)

Fourier transf.

3-D transv. mom. dep. PDF impact par. dep. PDF generalized PDF
semi-inclusive DIS exclusive processes
/ dx
/dsz /d2bT
f(x) F(t)
1-D .
parton densities form factor
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® PDFs do not resolve transverse momenta or positions in the nucleon

* fast moving nucleon turns into a “pizza’ but transverse size remains about 1 fm

(. )

compelling questions

* how are quarks and gluons spatially distributed

* how do they move in the transverse plane

\0 do they orbit and do we have access to spin-orbit correlations)

required set of measurements & theoretical concepts

Wignerfunction high-level connection
5-D X kT7 bT measurable ?

important in other branches of Physics
/ d%j \/dsz
§—0

not related by

X kT Fourler transf X bT H<X 0 t) H( f, t)
3-D transv. mom. dep. PDF impact par. dep. PDF generalized PDF
semi-inclusive DIS exclusive processes
/ dx
/dsz /dsz
F(t)
1-D .
parton densities form factor
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physics of transverse momentum dependent PDFs

observable: azimuthal modulations do
of 6-fold differential SIDIS cross section dx dQ? dz d¢s d¢y, dph,

e theoretically interesting multi-scale problem: Q?, P'fll“
* TMD framework/factorization applicable for Q2 > pr}f
* so far only valence quark TMDs extracted from fixed target data

e slew of different TMDs can be defined
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physics of transverse momentum dependent PDFs

observable: azimuthal modulations do
of 6-fold differential SIDIS cross section dx dQ? dz d¢s d¢y, dph

e theoretically interesting multi-scale problem: Q?, P'}ll"
- * TMD framework/factorization applicable for Q2 > pr]}l‘
* so far only valence quark TMDs extracted from fixed target data

e slew of different TMDs can be defined

4 S D)
example:| Sivers function correlation of nucleon’s transverse spin
sin(¢n — ¢s) )k with the kr of an unpolarized quark
modulation -~
\ P J

S(f)XkJ_)
M

fq/PT(xakJ—vs) :fl(kai)_ fﬁ(x7ki)
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physics of transverse momentum dependent PDFs

observable: azimuthal modulations do
of 6-fold differential SIDIS cross section dx dQ? dz d¢s d¢y, dph

e theoretically interesting multi-scale problem: Q?, P'}ll"
- * TMD framework/factorization applicable for Q2 > pr]}l‘
* so far only valence quark TMDs extracted from fixed target data

e slew of different TMDs can be defined

sin(¢p — ¢s) with the kr of an unpolarized quark

modulation

\ J

i (@des 8) = fi(eae) - SHEXED b gt

4 )
example:| Sivers function :;) correlation of nucleon’s transverse spin

unintegrated PDF @

important link to physics of
gluon saturation at small x
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physics of transverse momentum dependent PDFs

observable: azimuthal modulations do
of 6-fold differential SIDIS cross section dx dQ? dz d¢s d¢y, dph

e theoretically interesting multi-scale problem: Q?, prfli
* TMD framework/factorization applicable for Q2 > pr]r[l‘
* so far only valence quark TMDs extracted from fixed target data

e slew of different TMDs can be defined

\
example:| Sivers function correlation of nucleon’s transverse spin
sm On — ¢s) (/; >

with the krof an unpolarized quark

modulation
\ J
i (@des 8) = fi(eae) - SHEXED b gt
unintegrated PDF @ Sivers function
important link to physics of * measures spin-orbit correlations

e link to parton orbital motion (through models)

gluon saturation at small x o o
e reveals non-trivial aspects of QCD color gauge invariance
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impact of eRHIC on TMD studies

multi-dim. binning possible thanks to eRHIC luminosity

10

nh’ﬂiﬂm# ¥

S 0.0<P,;<0.2 i
102P-30 <2< 0.35 3 0.40 <z <0.45 .
S ; 5 i » z binning up to 0.8
Gaof Lt
1 u!""x.‘ 8:.:' :.l"'.x Pyt
02<PhT<°4 .. ]
102 }i . , i 5;(100
jit ;
10 nh}lﬂmﬁlﬂf ) H**”; HiHy
e R R Lpap? , peene? . . i ! ot
1 .-d!l‘ 28 I L .uuun PR gt
) 04<PhT<06 .
10 3 ¥

LTI

LT
! izl st
r.onn!' ¢ snept

up to

107 10° 102 10°

ph = 1GeV with/ﬁdt = 0(10)fb !

pr =1+2GeV with/ﬁdt = 0(100) fb~*
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impact of eRHIC on TMD (Sivers) studies

multi-dim. binning possible thanks to eRHIC luminosit Prokudin
gp y

07; 00<P, ;<02 ;

8102p-30<2<0.35 1} - 0.40 <z < 0.45

5 iﬁim““!{f TR I

C 10 | ‘ r F20Xx250 o .
1 ...’.l : ’ ..I. .‘ 4 g d

02<Ph.r<64 ] . ] ' '
10° r j 5X100

2 10 H*H}‘ﬁln ! i Hii P
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X
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impact of eRHIC on TMD (Sivers) studies

multi-dim. binning possible thanks to eRHIC luminosity

< Foo<p <02 ;
&10? 30<z<035 } . 040<z<;).45
o i 11 ; i I
o 10 i.ﬁiﬁl l‘ !.f ;zoxzso* ;‘ I l’
i
1 ...’.'l : 2 ? et .‘ ! 3 g d
02<Ph.r<64 . ]

o 102 H . ; i 5;(100
o § ]
2 10 H*H}‘EIH#‘” i uiii*; P
= T TEATTTLIN- peened ’ L I !
- 1 '-‘"‘ “} ot ouuuH P HIT gt
< - al 1
- 04<PhT<06 _
g1 P
g 10 nh'iq!mﬂlln i STILIEERF
5 uﬂ""”t}uu’ ] sned : R
S 1 ”'&'“ ll‘nm: ;_..u.o:|gx‘ A st
€ 107 10° 102 101 10-4 10 10-2 10—1

X

use 5 X100
pseudo-data
in global TMD fit
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x £+ V(x)

x £ (x)

Prokudin

0.02

0.01

u quark

-0.01—
-0.02—
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0 =——r_]
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1072
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anti-u quark
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impact of eRHIC on TMD (Sivers) studies

multi-dim. binning possible thanks to eRHIC luminosity = om Prokudin
x &
< F00<P, <02 ; Ea u quark
810 30<z<035 } 3 040<Z<*0.45 use 5 X100 u;'_ 0=
C -0.01—
ke, 10 ”ﬁ"h 1“* : ;’20X250* Pl l} pseudo-data -0.02f
o0 X ‘ ' E s ' 3 3 in global TMD fit '
.u"x LA yoed -0.03-
02<PhT<64 b ‘ ' ' oo
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=~ 3 2 1
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v 11} .“.I 3 - ] i $ x 0.02 )
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accessing the gluon Sivers function

another unique opportunity at eRHIC: study azimuthal asymmetry correlating the

transverse momentum of D-D pair with transverse proton spin

0.4

0.2

Single Spin Asymmetry ‘—:’:o.nie:
—Kk'=1.5 Ge
y N'-->DD+X
based on some

model estimate
for gluon Sivers

2 4 o, 6

angle between proton spin and kr of D-meson pair

T. Burton, F.Yuan, ...

error estimate
assuming 100 fb*
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generalized parton densities in a nutshell

GPDs depend on:
== , x+& / \ x—- ® momentum transfer t
e resolution scale Q
N v v P35 e long. momentum before and
ra I after the scattering: x, §

= interference between different nucleon states (not a probability)
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generalized parton densities in a nutshell

GPDs depend on:
x+& / \ x—- ® momentum transfer t
e resolution scale Q
SN .+ P»% elong. momentum before and
I after the scattering: x, §

= interference between different nucleon states (not a probability)

appear in theoretical description of exclusive processes

Y*(q) ™, (@) Y ann,, -V
AN

L —, —— —,

deeply virtual Compton scattering (DVCS) vector meson production

Thursday, June 21, 12




generalized parton densities in a nutshell

GPDs depend on:
x+& / \ x—- ® momentum transfer t
e resolution scale Q
SN .+ P»% elong. momentum before and
e after the scattering: x, §

= interference between different nucleon states (not a probability)

appear in theoretical description of exclusive processes

*(q) ~, () Y wann, P
P

, — ~, , —4 —,

deeply virtual Compton scattering (DVCS) vector meson production

dz= - z 2z
4 GPDs per flavor, e.qg., I Eemlﬁz (p', s’\q‘(—i) W7+q(§)\p, 8) 2+ =0,2=0

?

= Hqﬂ(p’,S’)7+U(p,S)+Eqﬂ(p’,8’)2 o (p — p)aul(p, s)

my
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generalized parton densities in a nutshell

GPDs depend on:
— . x+& / o x—§ ® momentum transfer t
e resolution scale Q
SN .+ P»% elong. momentum before and
e after the scattering: x, §

= interference between different nucleon states (not a probability)

appear in theoretical description of exclusive processes

Y*(q) . | Y(q') Y®) rrn -V
*H; =5
p/:‘- —~p p— : 0
deeply virtual Compton scattering (DVCS) vector meson production

dz= - z 2z
4 GPDs per flavor, e.q., i Eemlﬁz (p', 5’\@(—5) W7+Q(§)\p, 8) 2+ =0,2=0

?

= Hqﬂ(p’,S’)VW(p,S)+Eqﬂ(p’,8’)2 o (p' — p)au(p, s)

recover PDFs in limit

s=35,6=0,t=0

my
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generalized parton densities in a nutshell

7 GPDs depend on:
— x+& / \ x—C ® momentum transfer t
® resolution scale Q
v p *$ e long. momentum before and
e after the scattering: x, &

= interference between different nucleon states (not a probability)

appear in theoretical description of exclusive processes

T*(q) (@) Y v, -V

S IARANG ; :
.u/; o -“\;" p— : : = p
deeply virtual Compton scattering (DVCS) vector meson production

dz= - z 2z
4 GPDs per flavor, e.q., i Eemlﬁz (p', S’|q_(—§) W7+Q(§)\p, 8) 2+ =0,2=0

AN /
= [ H ' s ulp, s)lH By, ') 5—0" (' = p)aulp, s)
T p
recover PDFs in [imit no PDF limit; involves helicity flip
s = s/, £E=0,t=0 indicator of OAM,; key part in Ji's sum rule
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imaging in transverse position space

» obtain GPDs from global analysis of DVCS and vector meson data

slew of angular & polarization observables (+ use of positron beams) to disentangle H and E
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imaging in transverse position space

» obtain GPDs from global analysis of DVCS and vector meson data

slew of angular & polarization observables (+ use of positron beams) to disentangle H and E

» perform Fourier transformation to obtain b-space image 1"}, B
e.g. q(w,b%) ~ /dQAe“’AHq(az,f =0,t =—A?% where A=p —p

gives distribution of quarks with

I I

t , e longitudinal momentum fraction x
‘;. e transverse distance b from proton center
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imaging in transverse position space

» obtain GPDs from global analysis of DVCS and vector meson data

slew of angular & polarization observables (+ use of positron beams) to disentangle H and E

» perform Fourier transformation to obtain b-space image 1"}, B
e.g. q(w,b%) ~ /dQAe“’AHq(az,f =0,t =—A?% where A=p —p

gives distribution of quarks with

I I
by ® longitudinal momentum fraction x
‘;. e transverse distance b from proton center

) essential: good t resolution in broad range (experimentally demanding)

0.004 < x5 <0.0063, 10 GeV? <Q® < 17.8 GeV?
10000 ¢

’&‘# 20 x 250 GeV simulation |
1000 | e ]
o i =
> L * I 4
5 100 | s
> : - ' needsioofb*
= - ! ;
5 10 ¢ | I
= F - I
L | needs1ofb? : Fog
_ 'f use Roman pots 1 i
M. Diehl, -
. 01 1 1 1 1 L L 1
S.Fazio,... ™" 02 04 06 08 1 12 14 16

It [GeV?]
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imaging in transverse position space

» obtain GPDs from global analysis of DVCS and vector meson data

slew of angular & polarization observables (+ use of positron beams) to disentangle H and E
» perform Fourier transformation to obtain b-space image i’}, ’
e.g. q(x,b*) ~ /d2AeibAHq(a:,§ = 0,t =—A% where A=p —p
gives distribution of quarks with
' t , e longitudinal momentum fraction x
‘;. e transverse distance b from proton center

) essential: good t resolution in broad range (experimentally demanding)

0.004 < x5 <0.0063, 10 GeV® <Q® < 17.8 GeV? 0.004 <x5<0.0063, 10 GeV?<Q’<17.8 GeV?
10000 F T T T T T T T ] p 1 0_01
%% 20 x 250 GeV simulation | Foy'
1000 ¢ s * e 0.8 _
> _ " . _ o [ 0.005 |
S 100 L s 3 '
> i = ' needs 100 fb* = %! larget
! - ' ; 2 [ g 0
5 10 ¢ 1 s ) é’“ 04| 15 17 19 2
L3 . needsiofb?* ! : _ p : -
1 N 1 I f i X L
_ " use Roman pots 1 ‘ 02 ¢ small t
M. Diehl, - ~
. 01 1 1 1 1 1 1 1 r . 1
S. Fazio, ... 0 : : : - : : S
' 0 02 04 06 08 ; 1 12 14 16 0 02 04 06 08 1 12 14 16
Itl [GeV7] b [fm]

Thursday, June 21, 12




imaging in transverse position space

» obtain GPDs from global analysis of DVCS and vector meson data

slew of angular & polarization observables (+ use of positron beams) to disentangle H and E

» perform Fourier transformation to obtain b-space image .L‘ '

e.g. q(w,b%) ~ /dQAe“’AHq(a:,f =0,t = —-A?%) where A=p —p

gives distribution of quarks with
. ' . by ® longitudinal momentum fraction x
e transverse distance b from proton center

» essential: gOOd t resolution in broad range (experimentally demanding)

0.004 < x5 <0.0063, 10 GeV® <Q® < 17.8 GeV? 0.004 <xg<0.0063, 10GeV’<Q?<17.8
10000 F T T T T T T T ] g 1 0_01
‘%‘# 20 x 250 GeV simulation | Fo;,'
1000 s * e 08 _
> _ T . _ o - 0.005 |
100 ¢ = -1 -g 0.6 L
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= I ' £ | % g 0 o
5 10 ¢ : < £ o4l 15 17 19 2
L3 | needsiofb® ! fg ® .
_ 1t use Roman pots 1 . 02 ¢ small t
M. Diehl, - .
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S. Fazio, ... 0 ' ' ' : : : 2
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DVCS phase space: past-present-

future

current DVCS data at colliders:

10 3 —(O ZEUS- total xsec O HI- total xsec
- @ ZEUS-do/dt B HI-do/dt
. B HI-Ag,

Nf—

% | current DVCS data at fixed targets:
O - A HERMES-A,, A HERMES-A
— | A HERMES-A ,Ay A,

3 A HERMES-Aj, * Hall A-CFFs
@4 X CLAS-A,, = % CLAS-Ay

10 ° —planed DVCS at fixed targ.:

F ] COMPASS- do/dt, Acgys Acst - 827 |

[ [ ] JLABI2-do/dt, A ;. Ay Ay oS L 9,

! Qo7 % J/°<\/\

» " A & /<<’ s
SN

HERA results on GPDS
very much limited by
lack of statistics
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soon: precise imaging
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eRHIC pseudo-data and their impact

S. Fazio, D. Mueller, ...

EIC mock data O = 44 GeV* » unpolarized DVCS mainly sensitive to GPD H
0.5pF FxEpZ Bl P =210 |
N, =100 7 —t=0.25 GeV? 7 » unknown GPD E from angular asymmetries

. . %\ /’ / -
i »_i_—-.-,g&iﬁiquf different assumptions for E
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eRHIC pseudo-data and their impact

S. Fazio, D. Mueller, ...

EIC mock data . O = 4.4 GeV?
05 g Eepri20x25queV xp =82107*
N L=100 fb —t=025GeV* | 7

- \
e =~ \ -
h=S . ”~
| N\ /.
s 00,_&_____..,.,#@.&7
E & N '///
< \\.\~\ -’%
. T - 7
_0.5. \\ // -
— e =
0 1 2 3 4 5

» unpolarized DVCS mainly sensitive to GPD H

» unknown GPD E from angular asymmetries

different assumptions for E

v

perform fits to combined set of pseudo-data
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eRHIC pseudo-data and their impact

S. Fazio, D. Mueller, ...

EIC mock data , O = 4.4 GeV? » unpolarized DVCS mainly sensitive to GPD H
(| A EPE LSS Ul
N L=100 fb —t=025GeV? | 7 » unknown GPD E from angular asymmetries

different assumptions for E

v
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-0.5 S /
S~ perform fits to combined set of pseudo-data
0 1 2 3 < 5 6 V
¢ lrad] Fourier transform to impact parameter space
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eRHIC pseudo-data and their impact

S. Fazio, D. Mueller, ...

0.5

N

-

EIé mock .data

L=100 !

' @ EXE,=20x250 GeV*

Q° = 4.4 GeV* » unpolarized DVCS mainly sensitive to GPD H
xp = 821077 .
—t=025GeV* | / » unknown GPD E from angular asymmetries
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<t \UN e ”
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-05 S 7 |
S~ —— perform fits to combined set of pseudo-data
0 1 2 3 4 5 6 V
rad : .
¢ lrad] Fourier transform to impact parameter space
— : o
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spatial imaging at work
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spatial imaging at work
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[ ] [ ] [ )
spatial imaging at work D. Mueller
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icing on the cake:

with GPDs H and E determined, one can access
‘generalized form factors’ by taking x moments, e.g., [

total angular momentum of quarks and gluons

/dXX[Hq’g(x,f,t—>O)+Eq’g(x,§,t—>O)] 0]
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P orbitalg~

take

away message

eRHIC offers many unique opportunities
to greatly advance our understanding of
the nucleon structure

precision studies of PDFs, TMDs, and GPDs
will lead to the most comprehensive
picture of the nucleon ever:
its flavor, spin, and spatial structure
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take away message

eRHIC offers many unique opportunities
{\ _ to greatly advance our understanding of
| the nucleon structure

P orbitalg~

precision studies of PDFs, TMDs, and GPDs
will lead to the most comprehensive
picture of the nucleon ever:
its flavor, spin, and spatial structure

requirements

» large enough c.m.s. energy to explore small x region

» sufficient luminosity for multi-dimensional binning, ... YN

» sufficient control of systematic uncertainties

» state-of-the-art detector systems, well intfegrated into IR
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